Monte Carlo calculations have been performed to obtain estimates of the background gas pressure and molecular number density as a function of position in the PDX-prototype neutral beam injector, which has undergone testing at the Oak Ridge National Laboratory. Estimates of these quantities together with the transient and steady-state energy deposition and molecular capture rates on the cryopanels of the cryocondensation pumps and the molecular escape rate from the injector were obtained utilizing a detailed geometric model of the neutral beam injector. The molecular flow calculations were performed using an existing Monte Carlo radiation transport code, which was modified slightly to monitor the energy of the background gas molecules. The credibility of these calculations is demonstrated by the excellent agreement between the calculated and experimentally measured background gas pressure in front of the beamline calorimeter located in the downstream drift region of the injector. The usefulness of the calculational method as a design tool is illustrated by a comparison of the integrated beamline molecular density over the drift region of the injector for three modes of cryopump operation.
INTRODUCTION
The overall performance of the neutral beam injectors that are used to inject high energy deuterons into the plasma of fusion reactors is heavily dependent on the behavior of the cold background gas molecules in the injector. In a typical neutral beam injector, hydrogen or deuterium ions are produced in a plasma generator and accelerated to high energy through a set of apertured grids into a region of cold background gas of sufficient density to cause charge exchange interactions. The high energy neutral produced in these charge exchange interactions with the low energy background gas molecules must then travel distances of a few meters or more before entering the plasma of a fusion reactor. During this latter period I Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830.
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of hot neutral t~ght, the density of the background gas along the beam path must be sufficiently low that reionization is minimized.
The minimization of downstream ionization losses is accomplished by employing cryocondensation pumps to maintain average background gas pressures in the range of 10 .4 torr or lower. The design of the cryopumps, their size, and their locations relative to the various beamline components can significantly affect the background gas pressure as a function of position in the injector. In the past, because of the expense and difficulty of the experimentation, it has not been possible to systematically study the effects of changes in pump design, size, and location. In this paper, Monte Carlo methods are employed to perform molecular flow calculations in neutral beam injectors, and it is shown that such calculations can be used to provide design informa016d-0313/82/0400-0161503.00/0 9 1982 Plen!a rn Publishing Corporation tion, e.g., pressure and number density as functions of position that could previously be obtained only with great difficulty, if at all. The validity of the calculated results is demonstrated by comparisons with experimental data.
The geometric models and calculational procedures employed are described in some detail in Section 2. In Section 3, the results are presented and discussed.
CALCULATIONAL DETAILS

Neutral Beam Injector Model
The molecular flow calculations were performed using the Monte Carlo radiation transport code MORSE. 0) The geometric model employed in these calculations consisted of a fairly detailed representation of the PDX-prototype (2) neutral beam injector which has undergone testing at the Oak Ridge National Laboratory. The various components of the beamline were modeled using the combinatorial geometry routines contained in the MORSE code package. These components, which included the neutralizer tube, ion bending magnet and beam dump, calorimeter, and the cryopump assemblies, are illustrated in Fig. 1 . The illustrations were produced by means of the JUNEBUG graphics package O) using the actual geometry data input to the MORSE Monte Carlo code. The calorimeter is shown in the monitoring or beam calibration position in Fig. 1 . Unless otherwise noted, in the Monte Carlo calculations, the calorimeter was actually positioned in the upper portion of the drift chamber, which is out of the beam path.
The beamline vacuum enclosure is approximately 1.8 m in height, 1.0 m in width, and 1.8 m long. The height, width, and length of the drift chamber are approximately 1.4 • 1.0 • 1.0 m, respectively. The neutralizer tube has an inside radius of 0.14 m and a total length of 1.40 m, of which 0.40 m lies outside of the beamline vacuum enclosure. Combining this length with the lengths of the beamline vacuum enclosure and drift chamber yields a total beamline length from the source grid plates to the exit of the drift chamber of 3.21 m. The cryopanels in both the beamline cryopump and drift chamber cryopump are approximately 0.55 m wide. The drift chamber cryopanels have a height of 0.99 m, whereas the beamline cryopanels have a height of 1.76 m.
These measurements field total cryocondensation areas of 3.85 and 2.17 m 2 for the beamline and drift chamber cryopumps, respectively.
The details of a cryopump chamber and a typical liquid-nitrogen-cooled chevron are given in Fig. 2 . The cryopump assemblies, which consist of the chevrons, coolant tubes, end caps and baffles, and the cryocondensation panels were for the most part modeled after a UTRC cryopump design. (4) Modifications to UTRC design were made to facilitate the modeling. These modifications consisted of replacing the coolant manifolds above and below the cryopanels and chevrons with single plates, which sealed the top and bottom of each cryopump assembly, and removing the cryopanel coolant tubes, which allowed each cryopanel to be modeled as a 1.5 mm thick flat plate.
In all of the Monte Carlo calculations, a surface temperature of 4.2~ was imposed upon the liquid helium-cooled cryopanels. The surface temperature of the liquid nitrogen-cooled chevrons, cryopump top, bottom, and end plates, and the liquid nitrogen coolant tubes was assumed to be 77~
The ion bending magnet, beam dump, calorimeter, neutralizer tube, beamline vacuum enclosure, and drift chamber are normally water-cooled. The surfaces of these components were thus assumed to be at a room temperature of 293~
Method of Calculation
In a typical neutral beam injector, cold background gas pressures are in the range of 10 -4 torr or lower. At these gas pressures, the molecular mean free path within the gas is comparable to or much larger than the distances between the components within the injector. The number of molecule-molecule interactions is small compared to the number of molecules striking the surfaces of the injector components; thus the behavior or flight path of an individual molecule does not depend on the behavior of other molecules. For this reason, the Monte Carlo method in which molecule flight paths and interactions are independently sampled is ideally suited to molecular flow simulation.
The molecular flow calculations performed here required a few modifications to the MORSE radiation transport code. Since molecular interactions predominantly occur only at the surfaces of the components within a neutral beam injector, a number of internal boundary conditions were incorporated into an existing external boundary condition routine. The
